








Molecular Assembly at Surfaces: Progress and Challenges  
R.	Ravala		
Molecules	provide	versatile	building	blocks,	with	a	vast	palette	of	functionalities	and	an	ability	to	assemble	via	
supramolecular	 and	 covalent	 bonding	 to	 generate	 remarkably	 diverse	 macromolecular	 systems.	 This	 is	
abundantly	displayed	by	natural	 systems	 that	have	evolved	on	Earth,	which	exploit	both	 supramolecular	and	
covalent	protocols	 to	 create	 the	machinery	of	 life.	 Importantly,	 these	molecular	 assemblies	deliver	 functions	
that	 are	 reproducible,	 adaptable,	 finessed	 and	 responsive.	 There	 is	 now	 a	 real	 need	 to	 translate	 complex	
molecular	 systems	 to	 surfaces	 and	 interfaces	 in	 order	 to	 engineer	 21st	 century	 nanotechnology.	 ‘Top-down’	
and	‘bottom-up’	approaches,	and	utilisation	of	supramolecular	and	covalent	assembly,	are	currently	being	used	
to	 create	 a	 range	 of	 molecular	 architectures	 and	 functionalities	 at	 surfaces.	 In	 parallel,	 advanced	 tools	
developed	 for	 interrogating	 surfaces	 and	 interfaces	 have	 been	 deployed	 to	 capture	 the	 complexities	 of	
molecular	 behaviour	 at	 interfaces	 from	 the	 nanoscale	 to	 the	 macroscale,	 while	 advances	 in	 theoretical	
modelling	 are	 delivering	 insights	 into	 the	 balance	 of	 interactions	 that	 determine	 system	 behaviour.	 A	 few	





surface	 spectroscopies	 and	diffraction	 techniques,	 as	 is	 amply	 demonstrated	by	 all	 the	 contributions	 to	 this	 Faraday	
Discussion.	 The	 variety	 and	 abundance	 of	 2D	molecular	 assembly	 observed	 at	 surfaces	 has	 illustrated	 the	 potential	
power	of	‘bottom-up’	construction	strategies,	which	combine	nanometer-precision	and	highly	parallel	fabrication,	as	a	
synthesis	 protocol	 in	 new	 nanotechnologies	 for	 sensors,	 molecular	 electronics,	 smart	 coatings,	 organic	 solar	 cells,	
catalysts,	medical	devices,	optoelectronics,	etc.	Such	molecule-surface	systems	are	already	demonstrating	an	array	of	










the	 detailed	 structure	 of	 a	 single	 phase	 to	 the	 broader	 polymorphic	 phase	 diagram,	 from	 behaviour	 in	 controlled	
conditions	to	complex	environments.	This	will	require	the	deployment	of	numerous	tools	with	which	to	fabricate	and	
interrogate	the	interface	across	multiple	lengthscales,	and	close	collaborations	between	experimentalists	and	theorists.	




of	 molecular	 behaviour	 at	 surfaces,	 from	 supramolecular	 assembly	 to	 covalent	 synthesis.	 The	 importance	 of	 the	










molecular	 arrangements	 that	 can	 propagate	 from	 the	 nanoscale	 to	 the	macroscale	 [1-6].	Generally,	 these	 organised	
assemblies	fall	 into	two	main	groups:	(i)	those	which	involve	weak	interactions	with	the	surface,	with	supramolecular	
interactions	dominating	system	behaviour;	and,	(ii)	those	that	involve	strong	bonding	to	the	surface,	with	the	resulting	
behaviour	 determined	 by	 a	 balance	 of	 molecule-surface,	 molecule-molecule	 and	 intra-surface	 interactions.	 I	 will	
concentrate	 on	 the	 latter	 systems,	 but	 point	 here	 to	 the	 excellent	 examples	 of	 both	 types	 of	 systems	 by	 other	
contributions	in	this	Faraday	Discussion.	Both	sets	of	systems	show	aspects	that	are	challenging	to	the	experimentalist	
and	 the	 theorist.	 Foremost,	 a	 significant	 proportion	 of	 the	 systems	 display	 polymorphism	 where	 the	 nature	 of	 the	
molecular	entity	and	its	organisation	vary	significantly	as	surface	coverage,	temperature	and	deposition	flux	are	varied	
[2].	 These	 aspects	 often	 remain	 unexplored,	 with	 researchers	 focussing	 on	 structure-determination	 of	 specific	




surface	 illustrate	 the	 complex	 nature	 of	 supramolecular	 assembly	 at	 surfaces,	 especially	when	 the	molecules	 have	 a	




progress	 since	 the	 first	 reports	 emerged	 [8-11].	 I	will	 again	 draw	 on	 our	work	 on	 dehydrogenative	 coupling	 via	 C-H	
activation	 and	 scission	 to	 illustrate	 some	 of	 the	 state-of-the-art	 in	 the	 field.	 Finally,	 the	 importance	 of	 kinetics	 and	




and	 scanning	 probe	 microscopy	 delivering	 important	 insights	 on	 chiral	 ordering,	 recognition,	 heterogeneous	
enantioselectivity	and	mirror-symmetry	breaking	to	produce	organised	homochiral	assemblies	[2,3,12-33].	
An	exemplar	in	the	field	of	surface	chirality	is	provided	by	the	tartaric	acid/Cu(110)	system	[12-18].	This	system	displays	
a	 high	 degree	 of	 polymorphism	with	 the	 nature	 of	 the	molecular	 building	 block	 dynamically	 changing	 between	 the	
intact	 bi-acid,	 the	 singly	 dehydrogenated	monotartrate	 and	 the	 doubly	 dehydrogenated	 bitartrate,	 as	 revealed	 by	 a	
combination	of	Reflection	Absorption	Infrared	Spectroscopy	(RAIRS),	Temperature	Programmed	Desorption	(TPD),	Low	




macroscale	 assembly.	 The	 racemic	 system	 displays	 Pasteurian	 chiral	 resolution	 at	 the	 surface,	 Figure	 1c,	 with	
enantiomers	segregating	 into	mirror	domains	of	 (1	2,	 -9	0)	and	(9	0,	 -1	2)	structure.	Recently,	we	re-investigated	this	
system	[18]	using	STM	and	dispersion	corrected	periodic	DFT	calculations	that	are	now	able	to	handle	the	large	unit	cell	
of	the	system.	This	work	showed	that	the	original	calculated	structure	[14,	15]	for	this	system	was	incorrect,	unable	to	




















Adsorption	 in	 the	 rectangular	 footprint	 leads	 to	 strong	 hydrogen	 bonds	 between	 the α−hydroxyls	 and	 the	 adjacent	
carboxylate	oxygen,	causing	a	chiral	distortion	in	the	molecular	backbone,	with	a	C-C	torsion	angle	of	-28°.	This	chiral	
distortion	 is	 increased	 further	with	a	C-C	 torsion	angle	of	 -50°	 if	 the	Oa	oblique	 footprint	 is	 adopted.	Concomitantly,	
there	is	significant	restructuring	of	the	internal	hydrogen	bonds.	This	adsorption	motif	is	just	0.083	eV	less	stable	than	
the	rectangular	footprint	model.	If	(R,R)-bitartrate	adopts	the	mirror	Ob	oblique	footprint,	the	carbon	skeleton	distorts	
in	 the	 opposite	 direction	with	 a	 C-C	 torsion	 angle	 of	 	 +41°,	 the	 internal	 hydrogen	 bonds	 are	weakened,	 and	 the	Ob	
structure	is	0.42	eV	less	stable	than	the	rectangular	Rec	footprint.	This	is	a	high	energy	penalty,	so	this	(R,R)-bitartrate	
conformation	 can	 be	 excluded	 from	 consideration	 for	 self-assembly.	 However,	 the	 Rec	 and	 Oa	 footprints	 are	 both	








trimers	 that	assemble	with	high	 fidelity	across	 the	entire	 surface.	Each	 trimer	 is	 aligned	along	a	 chiral	direction,	and	




























































structures	 for	 enantiopure	 adsorption.	 As	 a	 further	 consideration,	 a	 mixture	 of	 (R,R)	 and	 (S,S)	 enantiomers	 were	
incorporated	 within	 the	 RecRecRec	 arrangement	 (structure	 9).	 Again,	 the	 adsorption	 energy	 for	 mixed	 enantiomer	
occupation	is	slightly	 lower	than	that	of	the	enantiopure	(R,R)	structure	1,	and	similar	to	that	of	the	(S,S)	structure	5.	
These	calculations	suggest	that	if	the	RecRecRec	footprint	arrangement	is	adopted,	the	enantiomorph	preference	for	the	





create	 the	 (1	 2,	 -9	 0)	 structure	 (Structures	 2	 and	 3).	When	 (S,S)-bitartrate	 occupation	 is	 considered	 for	 the	 RecOaRec	
footprint	combination	 (Structure	6),	a	high	penalty	energy	of	+0.46	eV	arises,	 largely	because	 the	 (S,S)-enantiomer	 is	
forced	to	adopt	the	Oa	footprint,	rather	than	its	preferred	Ob	footprint.	This	result	illustrates	the	central	role	played	by	
the	adsorption	footprint	in	generating	an	enantiospecific	response	during	assembly,	i.e,	the	Rec	footprint	is	insensitive	
to	 the	 handedness	 of	 the	 enantiomer,	 while	 the	 Oa/Ob	 footprints	 are	 highly	 enantiospecific.	 This	 strong	















(S,S)	 enantiomer	 in	 the	Ob	 footprint,	 but	 it	 is	possible	 to	 create	an	ordered	a	 (1	2,	 -9	0)	 assembly	 (Structure	7).	 This		
reduces	the	energy	penalty,	but	Structure	7	is	still	less	stable	than	the	enantiopure	(R,R)-bitartrate	Structure	2	by	~0.1	
eV,	which	 is	 sufficient	 to	 lead	 to	 the	 enantiomorph	 selection	 displayed	 by	 the	 enantiopure	 assembly	 and	 the	 chiral	
segregation	of	the	racemic	mixture	at	300K.	A	similar	exercise	shows	that	enantiopure	(S,S)-bitartrate		occupation	of	the	













Structure	2	reproduces	the	experimental	data,	with	the	middle	molecule	 in	 the	trimer	 imaging	brighter	 than	the	two	
outer	ones.	Therefore,	overall,	structure	2	 in	which	two	types	of	footprints	are	occupied,	provides	a	better	model	for	
the	chiral	assembly	of	bitartarte	on	Cu(110).	Crucially,	the	adoption	of	the	oblique	footprint	within	the	trimer	is	key	to	
1) RecRecRec 2) RecOaRec 3) OaRecOa 4) OaOaOa 
5) RecRecRec 7) RecObRec 8) ObRecOb 
9) RecRecRec 10) RecOaRec 11) OaObOa 
Structure      Ead (eV)     !Ead(eV) 
1     -2.152      +0.123 
2     -2.275        0.0 
3     -2.244      +0.031 
4     -2.079      +0.196 
5     -2.163      +0.112 
6     -1.816      +0.460 
7     -2.115      +0.160 
8     -2.081      +0.194 
9     -2.161      +0.114 
10     -2.157      +0.118 
11     -2.165      +0.110 
(R,R):(R,R):(R,R) enantiomers (R,R):(R,R):(R,R) enantiomers (R,R):(R,R):(R, R) enantiomers (R,R):(R,R):(R, R) enantiomers 
(S,S):(S,S):(S,S) enantiomers (S,S):(S,S):(S,S) enantiomers 
(R,R):(S,S):(R,R) enantiomers (S,S)(R,R):(S,S) enantiomers (R,R):(S,S):(R,R) enantiomers 
6) RecOaRec 





creating	 an	 energetic	 preference	 for	 the	 (R,R)-bitartrate	 to	 assemble	 into	 the	 (1	 2,	 -9	 0)	 structure,	 and	 drive	 chiral	
segregation	into	distinct	enantiomorphs	for	the	racemic	system.	
	














that	 create	 spaces	 within	 molecular	 assemblies	 at	 surfaces.	 The	 bitartrate/Cu(110)	 system	 provides	 an	 example	 of	
surface	stress	induced	gap	creation	within	an	assembly	[14,18].	Modelling	such	effects	has	only	become	possible	with	





assembly.	 Calculations	 [18]	 tracking	 the	 associated	 energy	 change	 as	 the	 gap	 between	 the	 trimer	 rows	 is	 increased	
progressively	 from	 1	 atom	 to	 4	 atoms,	 show	 that	 the	 energy	 of	 the	 system	 falls	 steadily	 until	 a	 gap	 of	 3	 atoms	 is	
reached,	after	which	no	energy	advantage	accrues	 if	 the	gap	 is	 increased.	Elsewhere	 in	these	Proceedings,	papers	by	
Nian	Lin	and	Manfred	Buck	illustrate	beautiful	molecular	assemblies	leading	to	the	creation	of	a	wide	variety	of	pores,	




The	 literature	 on	 molecular	 assembly	 at	 surfaces,	 by	 and	 large,	 focusses	 on	 the	 ordered	 arrangements	 that	 are	
observed.	However,	our	work	on	the	adsorption	of	scalemic	mixtures	of	(R,R)-	and	(S,S)-bitartrate	on	Cu(110)	provides	
an	important	lesson	in	illustrating	the	importance	of	the	disordered	phase	[17].	Adsorption	of	the	racemic	50:50	mixture	






slight	 deviations	 from	 the	 racemic	 state.	 STM	 data	 for	 a	 60:40	RR:SS	 system	 echo	 the	 LEED	 experiment,	 with	 large	
domains	 of	 the	 majority	 (R,R)-bitartrate	 visible,	 whereas	 the	 organised	 (S,S)-bitartrate	 phase	 is	 almost	 annihilated,	
appearing	 only	 in	 very	 small	 domains	 containing	 tens	 of	molecules,	 Figure	 4b.	 This	was	 a	 very	 surprising	 result;	 the	
expectation	would	 be	 that	 domains	 of	 each	 enantiomer	would	 be	 observed	with	 a	 60:40	 ratio.	 Kinetic	Monte	 Carlo	










phase,	 the	 domain	 boundaries	 of	 the	 segregated	 enantiomers	 must	 be	 equal.	 This	 is	 only	 possible	 if	 the	 majority	
enantiomer	 organises	 in	 larger	 domains,	 and	 the	 minority	 in	 smaller	 domains.	 This	 leads	 to	 the	 highly	 non-linear	
behaviour	 observed,	 with	 drastic	 deviation	 in	 the	 crystallisation	 propensity	 and	 domain	 size	 exhibited	 by	 the	 two	
enantiomers.	
	
Figure	4.	Non-linear	behaviour	 in	 the	organisation	of	 the	 (R,R)-bitartrate	and	(S,S)-bitartrate	phases	on	Cu(110)	as	 the	enantiomeric	







The	 bitartrate/Cu(110)	 system	discussed	 above	 showed	 the	 importance	 of	 considering	 adsorption	 footprints	 created	
when	molecules	chemisorb	as	a	surface.	Monte	Carlo	simulations	on	other	systems	[23]	demonstrate	that	the	evolution	
of	 molecular	 surface	 organisation	 and	 local	 patterns	 is	 strongly	 influenced	 by	 the	 adsorption	 footprints	 the	 system	
adopts.	There	is,	therefore,	a	real	need	to	experimentally	identify	the	adsorption	footprints	that	are	adopted	within	an	
assembly.	This	is	a	challenging	task,	especially	for	the	small	molecules	considered	here,	which	image	as	single	features	




triggers	a	specific	 reorientation	of	 the	attached	pyrrolidine	ring,	which	 leads	 to	 image	contrasts	 in	STM,	as	described	
below.		




atoms	 bind	 to	 adjacent	 copper	 atoms	 in	 the	 close-packed	 row.	 In	 addition,	 a	 third	 bonding	 contact	 occurs	with	 the	
nitrogen	binding	 to	a	copper	atom	 in	 the	neighbouring	 row.	 It	 is	 the	position	of	 this	bond	that	distinguishes	 the	 two	
conformers.	 When	 the	 nitrogen	 atom	 bonds	 to	 the	 copper	 atom	 to	 the	 left,	 a	 left-handed	 triangular	 adsorption	
footprint	is	described	and	the	pyrrolidine	ring	tilts	significantly	away	from	the	surface	(conformer	A,	figure	5ii),	imaging	




The	 two	 conformers	 have	 similar	 adsorption	 energies	 and	 are	 both	 involved	 in	 the	 molecular	 assembly,	 and	 eight	
distinct	(4	×	2)	arrangements	can	be	constructed	for	(S)-prolate	on	Cu(110)	[25].	By	calculating	adsorption	energies	for	














The	 molecule-by-molecule	 analysis	 of	 the	 (S)-prolate/Cu(110)	 assembly	 demonstrates	 that	 the	 molecule-surface	
interface	now	possesses	two	manifestations	of	chirality,	one	arising	from	the	molecular	handedness	and	the	other	from	
the	 footprint	 chirality,	 which	 we	 have	 chosen	 to	 label	 as	 ‘footedness’	 [24,28,29].	 In	 cases	 where	 single-handed	
molecules	project	footprints	of	one	chirality	only,	i.e.	the	molecules	are	single-footed,	one	can	confine	the	description	
of	 the	 interface	 chirality	with	 respect	 to	 the	molecular	 handedness	 only.	 However,	 if	 a	 single-handed	molecule	 can	
project	footprints	of	either	chirality	i.e.	it	is	two-footed,	Figure	6a,	then	the	chiral	description	of	the	interface	needs	to	
capture	this	dual	aspect.	We	have,	therefore,	 introduced	an	overall	chirality	descriptor	[29],   𝑪!!,	which	describes	the	
chiral	 ordering	 at	 the	 molecule-surface	 interface	 from	 both	 the	 molecular	 handedness	 (H,	 superscript)	 and	 the	
adsorption	footedness	(F,	subscript)	viewpoints,	Figure	6b.	Here,	the	classical	descriptions	of	global	chiral	ordering	such	
as	enantiopure	assembly,	 racemic	conglomerate,	 racemic	compound	and	random	solid	solution	are	given	a	 label	 (En,	
Cn,	Rc	and	Rn,	respectively),	as	shown	in	Figure	6c.	Thus,	the	S-prolate/Cu(110)	assembly	has	an	overall		chirality	of	𝑪!"!".	
Determining	 the	 overall	 chirality	 of	 such	 an	 interface	 is	 particularly	 difficult	 to	 determine	 experimentally	 since	




Such	 analysis	 can	 be	 taken	 further	 by	 considering	 adsorption	 of	 the	 racemic	mixture,	 where	 four	 diastereomers	 of	








enantiopure	 systems,	 Figure	 7ii,	 which	 show	 4	 distinct	 features,	 each	 associated	 with	 a	 particular	 handedness-















resolution	 images	 showing	 the	bright	and	 faint	 features	 in	 the	STM	overlayer	 (44×50	Å2,	 at	differing	 image	contrast;	1)d	Schematic	
diagram	 identifying	 the	 molecular	 and	 footprint	 chirality	 at	 each	 position	 within	 the	 (4x2)	 adlayer	 contained	 within	 the	 outlined	







The	complexity	of	assembly	exhibited	 in	 these	and	other	amino	acids	on	Cu(110)	has	 recently	 [29]	been	 rationalised	
using	3	simple	rules,	described	below:	
i. The	carboxylate	rule:	‘The	carboxylate	groups	of	neighbouring	molecules	avoid	repeated	binding	in	adjacent	
sites’.	 This	 rule	 arises	 because	 electrostatic	 repulsion	 and	 surface	 strain	 create	 a	 large	 energy	 penalty	 if	
carboxylate	groups	are	placed	at	nearest	neighbour	positions	along	an	 infinitely	repeating	1D	chain.	As	a	
result,	 for	 periodic	 (3	×	 2)	 and	 (4	×	 2)	 assemblies	 observed	 for	 amino-acids	 on	Cu(110),	 the	 carboxylate	
groups	are	staggered	in	both	high	symmetry	directions	of	the	surface.	
ii. The	footedness	rule:	‘The	allowed	ordering	at	both	the	handedness	and	footedness	levels	is	determined	by	









are	 homochiral	 and	 6	 are	 heterochiral	 [29].	 DFT	 calculations	 show	 that	 the	 specific	 heterochiral	 (4x2)	 footprint	





adopted	 by	 the	 prolate/Cu(110)	 system.	 It	 can	 be	 seen	 that	 the	 creation	 of	 the	 C!"!"	 overlayer	 for	 enantiopure	
adsorption	and	the	C!"!"	overlayer	for	racemic	adsorption	are	now	self-evident.	The	two-footed	aspect	for	the	racemic	
assembly	 is	 further	confirmed	by	calculations	 that	 show	that	within	 the	adopted	heterochiral	 footprint	arrangement,	
the	 upright	 conformer	 of	 (R)-proline	 is	 equivalent	 to	 the	 flat-lying	 conformer	 of	 (S)-proline,	 with	 respect	 to	 the	














manifold	 of	 assemblies	 that	 could	 potentially	 arise,	 and	 are	 a	 step	 forward	 in	 creating	 design	 rules	 that	 target	 the	
creation	 of	 specific	 arrangements	 and	 outcomes.	 For	 example,	 one	 of	 the	 conclusions	 of	 our	 analysis	 is	 that	 chiral	
segregation	 is	a	very	particular	output	of	 systems	 that	 favour	homochiral	 templates	and	are	 single-footed	 [29].	Note	
that	the	bitartrate/Cu(110)	system	falls	in	this	category	because	there	is	a	strong	energy	penalty	for	an	enantiomer	to	
occupy	 a	 mirror	 footprint.	 Currently,	 the	 literature	 on	 amino	 acids	 shows	 that	 many	 prefer	 heterochiral	 footprint	
templates	and	are	also	two-footed.	This	leads	to	an	interesting	input	into	debates	on	the	origin	of	homochirality	of	life	
[35,36],	 where	 most	 mirror-symmetry	 breaking	 scenarios	 involve	 chiral	 resolution	 or	 amplification	 mechanisms	 to	
create	 homochiral	 domains	 of	monomers	 as	 a	 starting	 point	 for	 creating	 homochiral	 polymers	 of	 life.	 However,	 for	
almost	all	of	these	scenarios	there	is	an	equal	probability	of	creating	homochiral	pools	of	either	enantiomer,	opening	up	
equivalent	pathways	for	creating	right-	and	left-handed	polymers.	In	an	alternative	scenario,	if	adsorption	of	a	racemic	
mixture	 leads	 to	 a	 random	 solid	 solution	 of	 enantiomers	 at	 a	 surface,	 an	 inherent	mechanism	 for	mirror-symmetry	
breaking	 emerges.	 If	 the	 randomly	 organised	 array	 of	 enantiomers	 were	 subject	 to	 polymerisation,	 a	 large	
diastereomeric	 library	 of	 polymers	 would	 emerge,	 Figure	 9,	 each	 different	 with	 distinct	 properties.	 If	 homochiral	







vanishingly	 small	 as	 the	 polymer	 length	 increases	 beyond	 even	 a	 small	 number	 of	 units,	 thus	 providing	 an	 inherent	








coupling	of	 individual	molecular	components	at	a	 surface	 [8-11].	Today,	a	 range	of	approaches	have	been	 translated	
successfully	 from	organic	synthesis	methodology	 to	on-surface	synthesis	 including	condensation	reactions	 [11,37-39],	
Ullman	 coupling	 [8,10,40-43],	Glaser	 coupling	 [44-46]	 and	dehydrogenative	 coupling	 [9,47-53]	producing	 a	 variety	of	
covalent	 structures	 at	 the	 surface,	 ranging	 from	 on-surface	 synthesis	 of	 complex	 molecules	 [41,54,55],	 to	 linear	





reactivity,	which	 is	 sufficient	 to	 enable	 reactions	 to	 occur,	 but	 not	 so	 great	 as	 to	 decompose	 the	molecular	 building	
blocks.	 In	 addition,	 the	 anisotropy	 of	 the	 surface	 allowed	 regioselective	 behaviour	 to	 be	 identified.	 Finally,	 this	
approach	 opens	 up	 access	 to	 the	 huge	 range	 of	 starting	materials	 that	 possess	 C-H	 groups	 and,	 also,	 delivers	 clean	
coupling	 reactions	 in	which	C-H	bond	scission	 leads	 to	H	atoms	that	 recombine	and	desorb	cleanly	 from	the	surface.	
Below,	 the	 success	 of	 this	 dehydrogenative	 coupling	 approach	 to	 covalently	 link	 a	 range	 of	molecules	 at	 surfaces	 is	




good	 example	 of	 dehydrogenative	 coupling,	where	 the	 reaction	 is	 triggered	 simply	 by	 heating.	 This	 generates	 linear	
oligomers	of	porphyrins,	aligned	along	the	[100]	direction,	Figure	10a,	accompanied	by	the	evolution	of	hydrogen	from	
the	 surface.	 Complex	 functions	 invariably	 require	 complex	 molecular	 assembly,	 so	 an	 important	 step	 in	 on-surface	
synthesis	is	to	advance	from	homocoupling	reactions	to	heterocoupling	scenarios,	where	different	building	blocks	can	
be	 combined.	 A	 successful	 example	 [49]	 of	 this	 is	 provided	 by	 the	 heterocoupling	 of	 H2-porphyrin	 and	 Zn-





STM	data	 show	 that	 the	all	 the	homocoupled	and	heterocoupled	oligomers	possess	a	10.8	Å	monomer-to-monomer	
distance.	DFT	calculations	[47,	48]	confirm	this	to	be	consistent	with	the	creation	of	organometallic	C-Cu-C	bonds	arising	
from	cleavage	of	the	sp2	C-H	bond	at	the	3,	5	and	7	positions.	The	calculated	model	and	the	STM	simulation	for	a	2	Cu-
atom	and	a	3	Cu-atom	bonded	polymer	are	 shown	 in	Figure	10c.	High-resolution	STM	data,	e.g.	 Figure	10a,d,	 are	 in	





organometallic	 coupling	Cu	atoms	 imaging	bright.	 It	 is	noted	 that	organometallic	polymers	are	an	 important	 class	of		
hybrid	materials,	 combining	 the	 properties	 of	 organic	 systems	 with	 those	 of	 metals,	 with	 applications	 in	 molecular	
wires,	photoelectronics	and	sensors.	
	
Figure	 10.	 Covalently	 bonded	 linear	 oligomers	 created	 from	 the	 reaction	 of	 H2-porphyrin,	 H2-diphenylporphyrin	 and	 Zn(II)	
diphenylporphyrin.	 a)	Homocoupled	 structures	 left,	 It	 =	 0.31	nA,	Vt	 =	 0.30	V	 and	 right,	 It	 =	 0.41	nA,	Vt	 =	 -1.68	V;	 b)	Heterocoupled	
structures,	 left:	100	x	190	A,	 It	 =	0.13	nA,	Vt	=	 -1.68	V,	and	 right:	65	x	170	A,	 It	 =	0.14	nA,	Vt	=	 -0.57	V;	 	 c)	Theoretically	 calculated	
polymer	 structures	 on	 Cu(110)	 and	 the	 corresponding	 simulated	 STM	 images	 showing	 the	 doubly	 and	 triply	 bonded	Cu-porphyrins	






side-products	 at	 the	 surface;	 (iii)	 organometallic	 coupling	 occurs	 at	 the	 surface,	 leading	 to	 [porphyrin-Cu]n	
organocopper	 oligomers,	 a	 reaction	which	 has	 no	 counterpart	 in	 	 general	 organometallic	 synthesis,	 i.e.,	 the	 surface	








oligomer	 structure	 with	 the	 underlying	 surface	 structure	 along	 the	 [001]	 direction	 is	 also	 particularly	 favourable,	
accommodating	the	coupling	Cu	atoms	on	preferred	4-fold	sites	of	the	underlying	surface	as	‘added	rows’	and	causing	
very	 little	 distortion	 of	 the	 porphyrin	 core.	 However,	 coupling	 in	 the	 orthogonal	 [1 10]	 direction	 is	 not	 favourable	
because	the	product	dimensions	are	 less	compatible	with	surface	geometry,	 leading	to	distortion	and	buckling	of	the	












Coupling	 of	 two	 very	 different	 molecules	 is	 demonstrated	 when	 H2-porphyrin	 and	 pentacene	 were	 co-adsorbed	 on	
Cu(110)	and	reacted	together	by	heating	to	650K	[49].	STM	data	show	a	diverse	set	of	products	 is	synthesised	at	the	
surface	via	modular	construction	where	dimer	and	monomer	pentacene	bind	to	the	1D	porphyrin	organometallic	wires,	
Figure	12a.	 Inter-module	connections	occur	either	at	 the	side	of	 the	oligoporphyrin	 long	edge	to	produce	simple	and	

















Dehydrogenative	coupling	can	also	create	C-C	covalent	 linkages,	 first	 reported	 for	 tetra(mesityl)porphyrin	on	Cu(110)	
[9].	 This	 reaction	 is	 particularly	 interesting	 because	 the	 4-methyl	 groups	 act	 as	 unique	 connection	 points,	 displaying	
highly	 regioselective	 C-C	 bond	 creation.	 This	 system	 has	 recently	 been	 modelled	 in	 great	 detail	 by	 state-of-the-art	
density	functional	theory	(DFT)	and	Nudged	Elastic	Band	(NEB)	calculations,	to	identify	the	thermodynamic	and	kinetic	
factors	 that	determine	 the	unique	 selectivity	 in	 covalent	bonding	 [53].	 This	 study	deconvoluted	 the	hierarchy	of	C-H	
bond	strengths	within	the	molecule,	and	demonstrated	how	the	adsorption	site	and	adsorbate	conformation	influence	
this	 hierarchy,	 leading	 to	 the	 selectivity	 in	 C-H	 activation	 and	 de-hydrogenation	 propensity	 at	 different	 sites	 on	 the	
molecule.	In	addition,	thermodynamic	and	kinetic	effects,	including	diffusion	anisotropies	and	product	accommodation	
at	the	surface	determine	which	intermolecular	C-C	coupling	reactions	and	coupled	products	are	favoured	at	the	surface.	














technology	 provides	 a	 glimpse	 of	 the	 future	potential	 [59,60],	 however	 this	 successful	 approach	 requires	 the	 use	 of	 a	














mimic	 of	 the	 rotaxane	 system	 [67],	where	 a	macrocycle	 shuttles	 along	 an	 axis	 confined	 between	 two	 stations,	 or	 the	
biological	 linear	 protein	 motor	 kinesin	 on	 microtubule	 filaments [68,69]. An	 important	 aim	 was	 to	 achieve	 room	
temperature	operation.	Therefore,	a	divalent	bis(imidazolyl)	molecule,	Figure	14a,	was	synthesised,	with	 the	 imidazolyl	
functionality	 providing	 attachment	 ‘feet’	 that	would	 chemically	 bond	and	detach	 from	 the	 close-packed	Cu(110)	 rows,	
which	 would	 act	 as	 a	 linear	 track	 for	 motion.	 To	 create	 barriers	 on	 the	 track,	 porphyrin	 oligomers	 were	 synthesised	
directly	 on	 the	 surface	 in	 an	orthogonal	 orientation	 to	 the	 track	would,	 thus	 creating	 a	 ‘fence’	 to	 confine	 the	motion.	
Figure	14b	depicts	a	 schematic	of	 the	proposed	 system	while	Figure	14c	 shows	 the	STM	 image	of	 the	 system	at	 room	
temperature.	 The	motion	 of	 the	molecular	 walker	 is	 imaged	 as	 intensity	 streaks,	 which	 are	 clearly	 aligned	 along	 the	






















real	 challenge	 to	 both	 the	 experimentalist	 and	 theoretician.	 Generally,	 the	 global	 assembly	 that	 is	 adopted	 can	 be	
traced	back	to	effects	that	are	already	encoded	 into	the	system	at	the	single	molecule	 level.	Here	the	 local	 flexibility	
and	response	of	the	molecule	with	respect	to	the	balance	of	molecule-surface	and	molecule-molecule	interactions	plays	
a	 critical	 role.	 A	 corollary	 of	 this	 behaviour	 is	 that	 such	 systems	 possess	 responsivity,	 adaptability	 and	 tunability.	
However,	knowledge-based	engineering	of	such	finely	balanced	systems	will	require	multiscale	analysis	of	the	system,	
from	 the	 nanoscale	 to	 the	macroscale.	 For	 example,	 little	 is	 understood	 of	 the	 influence	 and	 balance	 of	 the	many	





directional	 van	 der	 Waals	 and	 directional	 H-bonding	 interactions,	 alongside	 strong	 electrostatic	 and	 covalent	




theoretical	 approaches	 need	 to	 be	 progressed	 in	 order	 to	 capture	 system	 kinetics,	 including	 diffusion	 barriers	 and	
transition	 states.	 This	 will	 require	 time-resolved	 techniques	 and	 computational	 methods	 that	 can	 encompass	
reasonable	 time	domains.	 	 Finally,	 it	 is	pertinent	 to	note	 that	 it	 took	many	decades	of	effort	 to	 create	 the	 synthetic	
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19 The	overlayer	unit	mesh	 is	given	 in	 real	 space	matrix	notation	as	 follows	and	quoted	 in	 the	 text	as	 (m11	m12,	m21	m22):
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